abstract: Despite the advent of ICSI, cases of total fertilization failure (TFF) often lead to cycle cancellation with limited diagnostic and therapeutic strategies currently available. We report on the case of an infertile couple who failed to conceive after repeated IVF and ICSI. Sperm of the husband were morphologically normal and passed a functional test assessing their ability to activate mouse oocytes. Whether oocytes were activated artificially with calcium ionophore after injection of husband's or with donor sperm, all oocytes failed to fertilize. Multiple polar bodies and two disorganized spindle structures were predominantly observed, pointing towards a cytoplasmic defect in the oocytes as the primary cause of the couple's infertility. In fact, injection of husband's sperm into donor oocytes resulted in the delivery of healthy twins. This report describes a course of action that may be applied for couples with TFF after both IVF and ICSI.
Introduction
Despite frequent use and success of IVF treatment for infertile couples, cases of total fertilization failure (TFF) continue to exist. Their consequences are devastating to the patients, with lost resources, incurred cost and much distress. Understanding the etiology of fertilization failure (FF) is of critical importance to assist in patient counseling and optimizing treatment.
The incidence of TFF after conventional IVF using sperm of normal quality has been reported to range from 5% (Bhattacharya et al., 2001) to as high as 15-20% (Barlow et al., 1990; Liu and Baker, 2000) . While ICSI has overcome many fertilization problems, it does not completely eliminate TFF. In a randomized clinical trial comparing outcomes after ICSI or IVF for cases of non-male factor infertility, Bhattacharya et al. (2001) documented a TFF rate of 2 versus 5% for ICSI and IVF, respectively. Indeed, several large studies using ICSI for a variety of infertility diagnoses reported TFF at rates of 1.3% in 1779 cycles (Esfandiari et al., 2005) , and 3% in 2732 cycles (Liu et al., 1995) and 1343 cycles (Flaherty et al., 1998) . Furthermore, 3 of 33 couples experienced recurring cycles of TFF (Flaherty et al., 1998) , and another 3 patients with unexplained infertility had repeated TFF (Ezra et al., 1992) .
The possible etiologies underlying TFF are complex (Swain and Pool, 2008) and may relate to cycle-specific parameters, yield and quality of oocytes, availability of motile sperm and/or to severity of sperm defects (Liu et al., 1995; Flaherty et al., 1998; Kovacic and Vlaisavljevic, 2000; Mahutte and Arici, 2003; Esfandiari et al., 2005) . Sperm abnormalities may result in abnormal sperm decondensation, and/or aberrant pronuclear development, migration, and apposition and first mitosis (Asch et al., 1995; Rawe et al., 2002a, b) . Some ICSI oocytes fail to activate (Dozortsev et al., 1994; Asch et al., 1995; Flaherty et al., 1995a, b; Tesarik and Sousa, 1995; Schmiady et al., 1996; Gook et al., 1998; Kovacic and Vlaisavljevic, 2000; Rawe et al., 2000) which, under some circumstances, has been successfully overcome by manipulating intracellular calcium levels in oocytes by the use of ionophore or electric pulses (Yanagida et al., 1999; Eldar-Geva et al., 2003; Murase et al., 2004; Heindryckx et al., 2005) .
Several early studies of gamete ultrastructure (Sousa and Tesarik, 1994) , staining of DNA (Van Wissen et al., 1992; Flaherty et al., 1995a Flaherty et al., , b, 1998 or whole chromosomes (Racowsky et al., 1992; Dozortsev et al., 1994; Schmiady et al., 1996; Wall et al., 1996; Rosenbusch and Schneider, 1999; Rosenbusch, 2000) have identified abnormal chromatin patterns and/or chromosome numbers, of either paternal or maternal origin, in non-fertilized oocytes. Recent studies of microtubules also revealed abnormal spindle and interphase microtubules, indicating that defects in oocyte cytoplasmic components may be a cause of failed fertilization (Asch et al., 1995; Eichenlaub-Ritter et al., 1995; Gook et al., 1998; Kovacic and Vlaisavljevic, 2000; Rawe et al., 2000 Rawe et al., , 2001 Rawe et al., , 2002a Miyara et al., 2003) . In the present report, we have performed similar analyses for an infertile patient whose oocytes were unable to be fertilized normally either by her husband's or by the donor sperm, even after stimulation using calcium ionophore.
Methods and Results

Patient history
A 35-yearold woman with a diagnosis of tubal factor, a borderline Clomid challenge test (D3/D10 FSH: 7.8/12.2 mIU/ml) and mild endometriosis, sought IVF treatment at our centre after trying to conceive for 4.5 years. Four previous Clomid stimulations, two FSH-intrauterine insemination (IUI) cycles and one natural IUI cycle all failed without any implantation.
Cycle 1: IVF
In IVF Cycle 1, Lupron/FSH stimulation yielded 13 follicles ≥12 mm in diameter, with the two lead follicles having a mean diameter of 16.5 mm on the day of the hCG injection and a peak estradiol (E 2 ) of 3816 pg/ml. A total of 19 oocytes were retrieved and inseminated using husband's sperm with normal count and progressive motility. None of the 19 oocytes had pronuclei 18 h after IVF; 12 oocytes had a single polar body, 4 had 2 polar bodies and 3 were at the metaphase I stage. All oocytes showed normal gross morphology and good sperm attachment.
Cycle 2: standard ICSI
Cycle 2 yielded 20 follicles ≥12 mm in diameter (peak E 2 of 3893 pg/ml) and 21 oocytes, 20 of which were classified as mature by the presence of a single polar body. On the basis of the first cycle cancellation owing to FF, fresh sperm from the husband was used to perform ICSI. None of the 20 injected oocytes exhibited pronuclei 17 h later, although each of 17 oocytes had two polar bodies. Gross morphology of these oocytes appeared normal.
Cycle 3: cancelled cycle
The patient began a third stimulation cycle (IVF Cycle 3) that was cancelled because of a drop in E 2 on Day 15.
After TFF with both IVF (Cycle 1) and ICSI (Cycle 2), the couple agreed to an experimental protocol in an attempt to overcome their complete fertilization block of unknown causes. Institutional Review Board Approval was obtained to use two protocols: one diagnostic, the other therapeutic.
Between Cycles 3 and 4: diagnostic evaluation of the husband's sperm Diagnostically, two tests were performed to evaluate whether the underlying cause of TFF lay in the male gametes. The husband's sperm was examined by electron microscopy and no identifiable structural abnormalities were detected. Next, the ability of the husband's sperm to activate and form a pronucleus was tested using mouse oocytes as previously employed Murase et al., 2004; Heindryckx et al., 2005) . In vivo ovulated mature mouse oocytes were randomized to one of four groups for injection with: (i) fresh sperm from the husband; (ii) frozen donor sperm; (iii) noninjected oocytes and (iv) sham-injected with medium only as an additional control. There was no difference in the ability of the husband (75%) versus donor (71%) sperm to fertilize mouse oocytes (based on the development into pronuclear and 2-cell stages). The non-injected oocytes did not spontaneously activate and there were no signs of fertilization in the sham group.
Cycle 4: ICSI with ionophore
Given the normalcy of the husband's sperm as based on structural and functional analyses, a therapeutic approach was adopted in Cycle 4 in which ICSI was combined with treatment of oocytes with calcium ionophore (Eldar-Geva et al., 2003; Murase et al., 2004; Heindryckx et al., 2005) , based on the assumption that the fertilization block could be a result of oocyte activation failure. In this cycle, 20 follicles (≥12 mm diameter) were measured on the day of hCG (E 2 : 4556 pg/ml), with 24 oocytes retrieved for ICSI; the 23 mature oocytes were randomized to injection either with fresh sperm from the husband, followed by two consecutive 10 min treatments with 10 mM ionomycin 30 min apart (n ¼ 15) (Heindryckx et al., 2005) or with thawed donor sperm (n ¼ 8). At about 17 h after ICSI, none of the injected oocytes in either group exhibited pronuclei, and all were judged unfertilized after a final assessment 7 h later, at around 24 h after sperm injection.
Analyses of failed fertilized oocytes
All non-degenerate unfertilized oocytes (n ¼ 21) were fixed and processed for analysis of cytoskeletal (microtubule-and microfilamentbased) and chromatin organization using conventional fluorescence microscopy with a Zeiss Axioscope inverted microscope (Zeiss, Thornwood, NY, USA) and a Zeiss LSM 510 META confocal laser scanning microscope (Combelles et al., 2003) . For analyses, the oocytes were grouped by the source of sperm (husband or donor) and then classified according to patterns of chromatin, microtubule and microfilament organization as observed from microscopic examination. While our study did not include a control group, we completed all evaluations based on our previous analyses of human oocytes that were processed identically (Cekleniak et al., 2001; Combelles et al., 2002 Combelles et al., , 2003 Combelles et al., , 2005 .
Group 1: oocytes injected with husband's sperm followed by ionophore activation
Of the 15 oocytes in this group, 1 was degenerate and discarded. The remaining 14 were fixed for examination of their cytological details. Of these oocytes, 1 had no detectable polar body, 1 had 4 polar bodies, while 12 had 2 polar bodies with chromosomes and microtubules However, 9 of these 12 had 1 to 2 extra polar body-like structures some of which were fragmented and lacked chromosomes and microtubules. Microfilaments were organized as a thick cortical ring through the circumference of the oocytes with an abnormal disposition of intermittent regions of thicker and thinner cortical rings of microfilaments in 29% (4/14) , 2002) . One oocyte (the 1 with 4 polar bodies) had a single bipolar spindle, whereas the remaining 13 showed 2 aberrant spindles of various sizes with irregular and asymmetrical poles and varying chromosomal dispositions (Table I ). In some oocytes (n ¼ 7), the condensed chromosomes were not aligned in an orderly manner at the equator, but rather were dispersed within the two spindles (Fig. 1A) . In the remaining six oocytes, the chromosomes were dispersed in a very small second spindle (n ¼ 3; Fig. 1C ), scattered in the cortex in association with a few astral microtubules (n ¼ 1; Fig. 1G , arrow) or associated with two late-telophase structures showing abnormal dispersion either within or near the microtubules of each midbody (n ¼ 2; Fig. 1E ). All spindle structures were located in the cortex, either on the same or opposite side(s) of the oocyte, and there was no consistent positioning of these structures in relation to the polar bodies.
Group 2: oocytes injected with donor sperm without the use of ionophore activation
Of the eight oocytes injected with donor sperm, one was degenerate by the time of fertilization examination. The remaining seven were fixed and subsequently classified according to their phenotypic pattern. Each of these fixed oocytes had two to three polar bodies, two of which always contained microtubules and condensed chromosomes. While patchiness of cortical microfilaments was observed in only one of the seven oocytes, none of the seven had normal metaphase II spindles. Five (71%) of them each had two cortically located structures with various microtubule and chromatin abnormalities: two oocytes each contained two midbodies with chromosomes at either end as well as with a few scattered in the neighbouring ooplasm (Fig. 1E, arrow) ; one oocyte had two bipolar spindles of rather normal appearance, with the exception of irregular poles and bushy microtubule fibres emanating from the outline of the spindle and chromosomes in early separation stages (Fig. 1B) and two oocytes each had one small bipolar spindle and nearly aligned chromosomes alongside a second non-bipolar to asymmetrically bipolar the spindle-like structure, yet with chromosomes remaining relatively tightly arranged (Fig. 1D) . One oocyte contained two microtubule asters, each with chromosomes organized as a single tight clump (Fig. 1F ). The remaining oocyte had a single small bipolar spindle (with dispersed chromosomes) in proximity to the polar bodies along with an oval decondensed chromatin structure and no microtubules associated with it (Fig. 1H ).
Cycle 5: ICSI with husband's sperm and egg donation
On the basis of the phenotypic abnormalities observed in the patient's oocytes, the couple then proceeded, at their request, to Cycle 5 using egg donation and ICSI with the husband's sperm. Nine mature ocytes were injected, resulting in six zygotes, each having two pronuclei. Two embryos were transferred to the patient on Day 3, resulting in pregnancy and delivery at 36.0 weeks of healthy twins (girl and boy, each weighing 1989g).
Discussion
The collective results of the diagnostic approaches described in this report implicate an oocyte-specific defect in spite of normal morphological appearance of all oocytes prior to injection. Our diagnostic assessment permitted the identification of cytoplasmic abnormalities across a cohort of oocytes in a patient with recurrent FF. This is in contrast to previous studies in which few oocytes, typically of suboptimal quality, were evaluated in either the setting of partial FF (Van Wissen et al., 1992; Asch et al., 1995; Flaherty et al., 1995a, b; Gook et al., 1998; Kovacic and Vlaisavljevic, 2000; Miyara et al., 2003) or TFF only in a single cycle (Ezra et al., 1992; Rosenbusch, 2000) . Given that the majority of such patients will go on to another treatment cycle with some fertilization ensuing, these earlier studies contrast our index case of recurring TFF.
Our analyses provided some advantages over previous studies investigating the etiology of FF. First, instead of using aged material typically fixed 2 days after ICSI (Sousa and Tesarik, 1994; Gook et al., 1998; Rosenbusch and Schneider, 1999; Rosenbusch, 2000; Miyara et al., 2003) , we assessed oocytes fixed within a few hours of the fertilization check. Nevertheless, there was a 24 h delay from the time of ICSI to fixation, and future studies should always aim to fix oocytes as quickly as possible. Indeed, oocytes are sensitive to in vitro associated ageing. While we cannot exclude the possibility that the observed defects may be a result of, or exacerbated by, in vitro ageing, it is interesting to note that previous reports document spindle abnormalities of a different nature, with loss of spindle bipolarity and chromosome dispersal (Eichenlaub-Ritter et al., 1988; Pickering et al., 1988) . Furthermore, ageing-associated spindle degeneration has been reported to arise only after 2 days in culture (Eichenlaub-Ritter et al., 1988 (14) 2 (10) 4 (19) 1 (5) 1 (5) 1 (5) Patterns A -H correspond to the phenotypes shown in Fig. 1 . This summary accounts for all 20 oocytes with two chromatin-and/or microtubule-containing structures per oocyte. *The one oocyte displaying a single spindle structure and four polar bodies after injection with the husband's sperm was not included in the pattern classification above.
many of them retaining bipolarity and the presence of additional polar body structures after 1 day of culture. A second strength of our study is that, to our knowledge, this is the first investigation to evaluate cytological features of TFF oocytes post-ICSI. Since ICSI failed to resolve the TFF, clearly sperm -oocyte contact defects were not exclusively responsible for the failure in our couple. Moreover, morphological and functional tests eliminated the possibility of a sperm deficiency per se as the husband's sperm was able to activate mouse oocytes without even the need for oocyte-activating agents, and the use of donor sperm resulted in identical ICSI fertilization defects as with the husband's sperm. So upon first inspection, this case was grossly classified as an oocyte-related activation failure, very similar in nature to that previously described and treated (Eldar-Geva et al., 2003; Murase et al., 2004; Heindryckx et al., 2005 Heindryckx et al., , 2008 . However, in our case, artificial oocyte activation failed to overcome the FF, thereby implicating an oocyte factor of a new, or at least more precise, nature within a broad categorization of 'activation failure'.
We can only speculate as to the exact underlying defect given that a single end-point, presumably the earliest arrest point, was analysed. It is unknown when the arrest exactly took place along the timeline of early fertilization events, that is, from oocyte activation to entry into interphase and progression through the first mitotic division. However, based on the absence of pronuclei at the fertilization check, and the presence of two spindles per oocyte, each characterized by broad anastral poles typical of meiotic spindles, it is likely that the failure occurred prior to entry into the interphase stage. Since oocytes were analysed after ICSI, we cannot conclude if the spindle defects resulted from sperm-oocyte interactions. Indeed, it is conceivable that multiple spindles were already present prior to ICSI. To address this, a subset of oocytes could be set aside for fixation following retrieval and/or PolScope imaging used to detect spindles non-invasively prior to ICSI (Rawe and Combelles, 2009 ). Because our current approach does not allow us to identify definitively the paternity of the meiotic spindles, the analysis of oocytes prior to ICSI would further prove useful, in at least confirming their maternal origins if both spindles were to be present prior to ICSI. However, if the two spindles were to exist only after ICSI, a more targeted analysis would help address whether the sperm chromatin was successfully incorporated in the oocyte. Sperm tails were not detected at the poles of any of the 21 analyzed oocytes and there was also no sign of prematurely condensed sperm chromatin. While these indicators are routinely used to detect the sperm contribution at fertilization (Asch et al., 1995; Racowsky et al., 1997; Miyara et al., 2003) and there is a precedent for the occurrence of sperm ejection following ICSI (Flaherty et al., 1995a; Schmiady et al., 1996) , a more thorough analysis is needed. It is relevant to note that ionophore treatment likely did not cause the defects described herein, given that spindle and chromosome abnormalities were comparable with or without the use of ionophore.
The two or more polar bodies observed per oocyte appeared to be true polar bodies rather than polar body fragments (Sousa and Tesarik, 1994; Flaherty et al., 1998) , although quantitative chromosomal analyses would be needed to confirm this with certainty. Interestingly, all oocytes possessed a single polar body prior to ICSI, indicating that additional polar body structures arose after injection. The presence of multiple polar bodies and spindles thus suggest that some aspects of spontaneous oocyte activation may have taken place; however, the programming sequence was clearly abnormal in all Figure 1 Three-dimensional confocal reconstructions of chromatin (red) and microtubule (green) patterns in oocytes that failed to fertilize after ICSI with either husband's (A, C, E and G) or donor (B, D, F and H) sperm. The patterns displayed in panels (A) and (B) represent the single most abundant phenotype (8/21 oocytes, 7 from husband and 1 using donor sperm) with two nearly bipolar spindles per oocyte and dispersed to almost aligned chromosomes. 3/14 oocytes injected with husband's sperm showed a bipolar spindle and a second very small spindle with dispersed chromosomes (C): none of the latter phenotype was observed in the donor sperm group (out of seven oocytes) while two of these oocytes demonstrated a bipolar spindle with nearly aligned chromosomes along with a second non-polar spindle (D). A total of four oocytes (two injected with husband's and two with donor sperm) possessed two midbody structures, two main chromosome groups, as well as scattered chromosomes (E). One oocyte injected with husband's sperm contained a non-bipolar spindle alongside a microtubule aster with a couple of scattered chromosomes (G). Lastly, the donor sperm group displayed one oocyte with two microtubule asters, each associated with a mass of condensed chromosomes (F) and another oocyte with a single spindle structure and a swollen clump of chromatin (H). Arrows represent chromosomes scattered in the ooplasm, and asterisks denote polar body structures apparent in the selected fields of view. Scale bar: 10 mm.
Diagnosing fertilization failure oocytes examined, with failure to complete meiosis-II, or enter and progress normally through the complexities of activation towards interphase (Ducibella and Fissore, 2008) . Regardless of the exact causes, the overriding deficiency appeared to lie in the oocyte.
The observed spindle structures possessed a set of gross abnormalities that may have arisen secondarily to cell cycle defects. Future and more targeted evaluations should focus on cytoplasmic deficiencies including cell cycle regulators such as M-phase promoting factor, c-MOS, Emi2, cdc20 and anaphase-promoting complex (Ducibella and Fissore, 2008; Horner and Wolfner, 2008) . In frog and mouse oocytes, these molecular candidates all play a role in the transition of meiotic metaphase-II into mitotic interphase; furthermore, opportunities exist for spindle assembly checkpoint proteins to interact with some of these cell cycle modulators (Horner and Wolfner, 2008) . Upstream of cell cycle regulation are calcium oscillations (Ducibella and Fissore, 2008) , and it is possible that any deficiencies in these (in time, space and/or patterns) may fail to orchestrate the normal synchronization of oocyte activation events. The unique arrest point described herein thus merits further consideration in order to assign it a specific molecular defect. Only then may we be positioned to overcome the persistent M-phase environment of the ooplasm through fine manipulations, or calcium oscillations carefully altered in more specific and subtle ways than with ionomycin treatment.
Our study provides a framework for clinical care and diagnostic strategies. Analyses were performed without compromising the regular treatment of the couple as only discard oocyte material and semen samples were used. A treatment strategy (using calcium ionophore) was also attempted without efficacy thereby highlighting the need to devise other potential treatment options. Only when a more basic understanding of defects in FF is unraveled will we be positioned to test novel therapeutic avenues. Future efforts should be placed on identifying the cellular and molecular causes for any inherent and unexplained inability of morphologically normal oocytes to become fertilized (Gasca et al., 2008) . Nevertheless, invaluable knowledge was acquired during our selected course of analysis, which enabled evidence-based counselling to our patient couple towards egg donation and fertilization with the husband's sperm, followed by the successful birth of healthy twins.
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